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ABSTRACT 
     This thesis addresses nanostructure fabrication techniques based on electron beam 
lithography, which is the most widely employed nanofabrication techniques for R&D and 
for the prototyping or production of photo-mask or imprint mold. The focus is on the 
study of novel resist and development process, as well as pattern transfer procedure after 
lithography.  
     Specifically, this thesis investigates the following topics that are related to either 
electron beam resists, their development, or pattern transfer process after electron beam 
lithography: (1) The dry thermal development (contrary to conventional solvent 
development) of negative electron beam resists polystyrene (PS) to achieve reasonably 
high contrast and resolution. (2) The solvent development for polycarbonate electron 
beam resist, which is more desirable than the usual hot aqueous solution of NaOH 
developer, to achieve a low contrast that is ideal for grayscale lithography. (3) The 
fabrication of metal nanostructure by electron beam lithography and dry liftoff (contrary 
to the conventional liftoff using a strong solvent or aqueous solution), to achieved down 
to ~50 nm resolution. (4) The study a novel electron beam resist poly(sodium 4-
styrenesulfonate) (sodium PSS) that is water soluble and water developable, to fabricate 
the feature size down to ~ 40 nm. And finally, (5) The fabrication of gold nanostructure 
on a thin membrane, which will be used as an object for novel x-ray imaging, where we 
developed the fabrication process for silicon nitride membrane, electroplating of gold, 
and pattern transfer after electron beam lithography using single layer resist and tri-layer 
resist stack. 
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CHAPTER 1: High Resolution Electron Beam Lithography 
1.1 Overview of Nanofabrication 
     Nanofabrication is the technology to produce nanoscale structures with dimensions 
down to sub-100nm.
1
 It plays a critical role in all the fields of nanotechnologies.
1
  Broadly 
speaking, there are two types of nanofabrication approaches: bottom-up and top down. 
The former is based on chemical synthesis of nanoparticles (nanoscale particles, wires, 
tubes, and other shapes like cones, and cages) and self-assembly of nanoscale blocks into 
ordered array of structures, and includes nano-sphere lithography, template-based 
methods that exploit nanoporous membranes (notably anodized alumina), self-assembly 
of block copolymers,
2, 3, 4, 5, 6, 7
 self-assembly of atoms and molecules, and supramolecular 
elements. 
 
     Top-down fabrication techniques involve the manipulation of structures of bulk 
materials by eliminating or adding nanoscale patterns. The lateral size is determined by 
the lithography process, whereas the vertical one by thin film deposition and etching 
techniques. Nano-lithography techniques include ion beam lithography, electron beam 
lithography (EBL), nanoimprint, and scanning probe lithography. Top-down fabrication 
techniques are utilized for many applications including the semiconductor, digital and 
memory integrated circuits (ICs), information storage, photonics, and microfluidics.
1
  
 
     Lithography comprises a flow and transfer of the pattern information to a sensitive 
material by exposure that normally starts with the design of a pattern in the arrangement 
of a dataset.
8
 Lithography is the most essential top-down fabrication technique that is 
critically paramount in many areas of modern science and technology with applications 
ranging from the fabrication of ICs devices to the fabrication of micro and nano 
electromechanical systems (MEMS, NEMS). 
 
    There are two types of lithography techniques. The first type duplicates the pattern of 
the mask, including optical lithography or charged particle projection lithography, x-ray 
 2 
lithography
5
 (XRL), extreme ultra-violet lithography
5
 (EUVL) and nanoimprint 
lithography 
6 
(NIL). The second type is direct patterning that generates the pattern, 
including electron beam lithography (EBL),
9,10
 ion beam lithography (IBL), scanning 
probes 
5
 (SPL), and electron-beam-induced deposition (EBID). 
1
 Apparently the first type 
has high throughput as the pattern over an entire mask or mold is duplicated in one step, 
thus it is suitable for high volume production. The second type generates pattern in a 
serial manner, thus it has low throughput and is suitable for R&D or the production of 
mask or mold used by the first type. 
 
      Optical lithography is the main lithography method used for semiconductor 
manufacturing and other production environment, owning to its high throughput and low 
cost. It can generate sub-100nm resolution. Moreover, high numerical aperture optics 
(immersion lithography) and Resolution Enhancement Techniques (RET) are used such as 
Off‐Axis Illumination (OAI), Phase Shift Masks (PSM), Optical Proximity Correction 
(OPC), and double processing, 
11,
 
12 
which enhance the resolution down to sub-10 nm 
scale. 
 
 
Technology Capability 
Optical lithography  
Electron beam lithography 
Nanoimprint lithography 
Scanning probe lithography 
Focused ion beam 
~30nm 
~10nm 
~10nm 
~20nm 
~30nm 
Table 1-1: Capabilities of nanofabrication techniques based on the majority of reported 
findings 
1
 
 
     Nanoimprint lithography is a simple nanolithography process with low cost, high 
throughput and high resolution. It creates patterns by mechanical deformation of imprint 
resist and subsequent processes. The imprint resist is typically a monomer or polymer 
formulation that is cured by heat or UV light during the imprinting. The most 
straightforward form of nanoimprint lithography is the hot embossing of a thermoplastic 
polymer thin film. The resolution is no longer limited by light diffraction as is the case 
for optical lithography, or charged beam scattering as is the case for electron beam 
 3 
lithography. Therefore, there is no fundamental resolution limit for nanoimprint 
lithography, and the achievable resolution depends only on the mold resolution. For 
instance, a mold consisting of single wall carbon nanotube has been duplicated by 
nanoimprint lithography, which demonstrates a resolution down to 2 nm, higher than any 
other lithography methods except those based on scanning probe manipulation (atomic 
resolution). 
1.2 Electron Beam Lithography 
 
E-beam lithography (EBL) is a procedure by which a pattern is defined on a sample 
surface and is achieved by exposing a radiation sensitive resist with electrons. After 
development the resist pattern is transferred to the substrate by etching or liftoff methods. 
In this work EBL was utilized extensively; thus, the focus of this first chapter will be on 
the working principle of EBL that leads to high resolution features.  
 
EBL is the main direct write technique for high resolution fabrication of nanoscale 
structures.
13
 EBL procedures involve the spin-coating of the sensitive layer of e-beam 
resist on a substrate followed by the exposure of a beam of electrons that produces a 
chemical change in both positive and negative resists (see Figure 1-1). After electron 
beam exposure the chemistry of positive resists results in polymer chain scission, 
reducing the polymer chain length; therefore, the exposed area in resist is more easily 
dissolved in developer than the unexposed resist. After electron beam exposure the 
chemistry of negative resists of the exposed areas become cross-linked with the polymer 
chains; therefore, it is more difficult to dissolve the cross-linked polymer in developer. In 
other words, the exposed areas in the resists are dissolved in positive resists and remain in 
negative resists.
14
 The developed pattern can be utilized for pattern transfer processes 
such as lift-off (see Figure 1-2) or etching. 
15
 
 4 
 
                       Figure 1-1:  Schematic of (a) positive and (b) negative resists. 
15
 
 
 
 
                                          Figure 1-2: Lift-off technique.
 15
 
1.2.1 Instrumentation 
 
      Figure 1-3 shows a schematic of an electron beam lithography system. Generally, 
EBL technique involves the generation of electrons from the source that are subsequently 
accelerated to a desired energy and focused onto the resist surface to expose it. The 
electron gun that creates the electrons contains a cathode and beam shaping electrode. 
The required accelerations of emitted electrons beam ranging from 10 to 30 keV occur in 
the region between the cathode and the anode. The flow of beam is shaped and deflected 
by magnetic electron lens. The beam blanker is to blank the beam to avoid any exposure 
when the beam is in transit from one pattern element to anther.  
The main purpose for maintaining the complete column from the electron gun to the 
wafer stage under high vacuum is to prevent the electron's trajectory from being 
influenced by the electrons’ collision against gas molecules. 16 The computer and pattern 
generator determines how the beam scans on the resist surface according to pre-defined 
 5 
CAD pattern file and exposure condition (dose, step size, etc.)  
 
 
Figure 1-3: Scheme of components of an electron beam lithography system. 
15
 
 
1.2.2 Overview of Electron Beam Sources 
 
 
 
    Table 1-2: Characteristics of different types of electron sources 
17
     
 
        There are a variety of common electron beam sources such as thermal ionic 
(tungsten filament, and LaB6 filament), thermal field emission filament, and cold field 
emission filament. Table 1-2 presents characteristics of different types of filaments 
utilized in the gun sources. 
17  
 
 6 
1.2.2.1 Thermionic Emission 
 
The conductive materials (such as tungsten filaments, or LaB6 filament) of the thermic 
sources receive heat for electron emission. Thermal field emission source consists of a 
tungsten filament, which is covered by a zirconium oxide layer. The filament emits 
electrons, while the covering layer decreases the work function (from 4.6 to 2.48 eV). 
 
 
 
 
Figure 1-4: A typical electron gun with a thermionic source.  
 
 
    Figure 1-4 shows the common electron source that emits electrons by thermionic 
emission. The current source is for heating the tungsten filament to roughly 3000K, and 
the gun consists of a Whnelt electrode, which electrostatically focuses the emitted 
electrons to a crossover point. The crossover point is typically 10 m in diameter and is 
focused by subsequent electron lens to demagnify the crossover point formed by the 
electron gun and project it onto the resist surface.  
 
The focus characteristic used to evaluate an electron source is its brightness ( ), 
which is the current emitted per unit area per unit solid angle. Brightness defines the 
maximum current density one can attain at the plane of image. For thermionic emission 
the brightness can be shown as: 
15
 
 
         J0 
(  ) 
   
 
 7 
 
Where: Jo: is the peak current density at the crossover 
 q: is the electron charge 
   is the accelerating potential in volts 
KB: is Boltzman's constant 
T: is the emitter temperature  
 
The brightness determines the maximum current density that can be attained at the 
image plane, and the current density in the focused spot at the image plane, Ji, is limited 
by the Langmuir equation. 
18
 
 
 
                                            Ji = J0 
(  ) 
   
    =      
Where:   is the semi-angle of convergence of the beam. 
 
     The purpose in achieving a semi-angle of convergence as small as possible is to 
reduce chromatic and spherical aberrations, and to attain the increases of source 
brightness of the current density at the image plane. As an example, brightness of 
tungsten (W) thermionic emitters operating at 40 kV is approximately 2 x 10 
5
 A/cm
2
/rad.  
1.2.2.2 Field Emission Source (Schottky Source)  
 
        Though Schottky source is often referred as field emission source, it is actually 
thermionic source. The tip (filament) is heated to nearly 2000
o
C, and there will be no 
emission (due to tunneling) when the heat is turned off. The main difference from regular 
thermionic emission is that the tip is sharp, thus the electric field at the sharp apex is very 
high, which lowed the energy barrier to become significantly smaller than the work 
function of the tip material. This increases the emission current drastically since the 
emission current depends on the energy barrier height exponentially. This high current 
combined with small filament apex (thus small virtual source size) lead to very high 
brightness compared to the regular thermionic filament. However, to avoid arc-over at the 
apex where electric field is the highest, very high vacuum is needed. In addition to high 
 8 
brightness, another main advantage for Schottky emission source is that the current is 
very stable, which is because the tip is heated to nearly 2000
o
C and any contaminant 
would be burned off before it adsorb to the tip. 
 
1.2.2.3 Cold Field Emission Source 
 
This type is the truly field emission (tunneling) source. Electrons “tunnel out” from 
a tungsten wire because of the high field (~10
8
V/cm) obtained by using a sharp tip (100 
nm) and a high voltage (3-4kV). The emission current is called “cold” due to temperature 
independent (pure tunneling current, and operate at room temperature). Because it is cold, 
contaminates of gas molecule build up quickly, decreasing tunneling current with time, 
and causing high noise because the gas molecules adsorb and desorb from the tip 
randomly. It needs ultra-high vacuum (UHV), but gives long life and high performance. 
The benefit of cold field emission sources is extremely high brightness (~10
9
 A/cm
2
/rad) 
and a low energy dispersion (0.2-0.5 eV) of the emitted electrons. In addition to high 
current noise, cold field emission source has a lower attainable current than Schottky 
emission, with 10  A being typical for commercial SEM. 
15
 
 
1.2.3 Limitations on Electron Beam Spot Size  
 
 The ideal ultimate electron spot size is given by 19: 
 
                                                = 
  
 
  
Where: dv is virtual source diameter and M (>1) is demagnification by the lenses. 
Various aberrations of the electron optics lead to enlargement and distortion of the 
beam spot. Spherical and chromatic aberrations are the most significant for electron beam 
microscopy and lithography 
20
  
Spherical aberrations is due to that electrons passing through the outer zones of an 
electron lens have a shorter focal length. The final minimum beam diameter size limited 
by spherical aberrations is given by: 
 9 
  = 0.5    
  
 
Where: Cs is the spherical aberration coefficient. For a well-designed magnetic lens,  
the spherical aberration coefficient is roughly equal to the lens focal length f. 
21
 
 
     The chromatic aberration is due to the spread of electron energy (in eV). Obviously 
higher energy electrons are more difficult to focus by electron lens, thus they have farther 
focal points than lower energy electrons. The final minimum beam diameter size limited 
by chromatic aberration is given by: 
  =   
  
 
  
 
Where: V is the accelerating potential and Cc is the coefficient of chromatic aberration,  
 
which is approximately equal to the focal length of the lens for a well-designed lens. 
 
In addition to the aberrations of lenses, the electron diffraction (as electrons are wave) 
lead to a minimum beam spot size of:     
  = 0.61
 
 
 
Where:  (sin) is numerical aperture of the electron objective lens.  
 
The de Broglie wavelength of electrons is given by: 
                                                         
 
 
which is 0.008 nm for electron energy 25 keV and 0.0066 nm for electron energy 35 keV. 
With a typical value 2.5 mrad of  , df is about 3.1 nm for electron energy 25 keV and 2.6 
nm for electron energy 35 keV. 
 
     The final beam spot size (di) is estimated by adding all the factors in quadrature: 
2
1
2
2 







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h

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 =   
  +   
  +   
  
 
The beam diameter can be controlled through adjusting the beam current, 
accelerating voltage, and lens-to-sample spacing.
22
 High-resolution electron beam 
lithography utilizes the highest accelerating voltage, lowest beam current, and smallest 
lens-to sample spacing. As an example, the Raith 150
TWO
 for the nanofabrication work 
presented in this thesis features a tungsten filament Schottky emission gun, a maximum 
stable accelerating potential of 30 kV, and typical working distance of 10 mm (smaller 
working distance gives smaller beam spot size, but with higher risk of sample hitting the 
electron column).  
1.2.4 Electron Scattering and Proximity Effect 
 
     The scattering of energetic electrons by the resist and the substrate is either elastic or 
inelastic, which leads to the exposed region being larger than the beam size. 
23
 The 
inelastic scattering of high-energy electrons through the resist can produce secondary 
electrons with energies ~10-50 eV. The scattered electrons are divided into two groups: 
one scattered through angles less than 90° and another scattered through angles greater 
than 90°. 
15
 The two groups of scattered electrons are called forward and backscattered 
electrons, respectively. Here the larger deflection angle scattering is with the nuclei and is 
elastic due to the mass mismatch between electron and the nuclei. 
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Figure 1-5: Interaction of electrons (forward and backward scattered) with resist-coated 
wafer 
24
 
 
Backscattered electrons result in the additional exposure of the resist to the primary 
beam exposure as shown in Figure 1-5. This is called the electron beam lithography 
proximity effect. 
18
 
 
 
Figure 1-6: Patterns created by normal and additional exposure. 
18
 
 
     The impact of scattered electrons is described by the double-Gaussian model 
25
 
 
 
Where: 
r is the radial distance from the beam position; 
ßf is the forward scattered electron range (finite incident beam diameters are also modeled 
in ßf); 
  is the ratio of integrated exposure from backscattered electrons relative to forward 
scattered electrons; and ßb is the backscattered electron range. 
 
     Therefore, the parameters for the double-Gaussian model are based on the incident 
beam energy, spot size, and the resist and substrate materials. 
15
 However, the exposure 
distribution is more precisely estimated by a double Gaussian plus an additional 
exponential term that exist if the desired patterns are on the order of 0.1  m26 
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Figure 1-7: Double Gaussian model describing the scattering of electrons from a finite 
size source 
26
 
 
     Figure 1-7 shows the double Gaussian model for 25 keV electron energy on silicon. 
26  
The actual exposure distribution is created by convoluting the point exposure response 
with the desired exposure pattern, and the areas not directly exposed by the incident beam 
are instead exposed by scattered electrons as a result of the influence of the proximity 
effect.
15
  
 
To minimize the effect of proximity exposure, one way is to carry out the exposure 
on a resist coated on a membrane that is transparent to electrons (thus no backscattering). 
The proximity effect can also be compensated to a certain degree by Mont Carlo 
simulation and according dose adjustment. Certainly, proximity effect is less significant 
when the pattern is sparse, or when the pattern area is less than the range of backscattered 
electron.  
 
1.2.5 EBL Resists 
 
     There are two types of EBL resist: positive and negative. Table 1-3 listed the popular 
e-beam resists and their properties.
27
  
     In positive resist, exposure to electrons result in rupture of the main and side polymer 
chains.  The exposed area is thus easily soluble in its developer. The most popular 
positive tone e-beam resist is polymethylmethacrylate (PMMA) and ZEP-520. 
28,
 
29, 30
 
The wide usage of PMMA for EBL is due to its general availability to provide high 
resolution with low cost and ease of process. The ZEP-520 (positive-tone, Zeon Corp.) is 
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the second most popular EBL resist. ZEP can achieve similar resolution to PMMA, and it 
offers higher sensitivity and etching resistance (see Figure 1-8). 
31
 
 
          In negative resist, the areas exposed to electrons are cross-linked, thereby 
becoming less soluble in developers. Polystyrene (PS) is a simple negative resist, whose 
chemical structure is shown in Figure 1-9. PS is an appropriate resist for high resolution 
EBL.
32
 Other negative resists include ma-N 2401 (Microresist Technology), SU-8 
(Microchem Corp.), and mr-L 6000 (Microresist Technology).
33
 The chemically 
amplified resists, SU-8 and mr-L 6000 provide higher sensitivity yet low contrast and 
resolution. 
34
 In addition, a non-polymer negative resist, calixarene, offers a very high 
resolution. The sensitivity of calixarene is 7000 C/cm2, which is significantly lower than 
that of PMMA. Calixarene has a contrast of about 1.6 with a developer of xylene. 12 nm 
diameter dots with a 25 nm pitch have been produced using calixarene. In addition, 
calixarene resists have a high resistance to plasma etching. 
 
              Table 1-3: Popular e-beam resists and their properties 
13
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Figure 1-8: SEM images of 35 nm half-pitch PMMA and ZEP gratings exposed with 10 
keV electrons and developed in ZED-N50, MIBK:IPA 1:3, and IPA: water 7:3 
developers. The doses and minimum gap-widths achieved for each combination are 
noted. 
31
 
 
 
 
 
 
                                  Figure 1-9: Chemical formula for polystyrene 
 
 
As an example to illustrate the EBL process, we fabricated 300 nm period pillar 
array using ZEP, which is used to make a nanoimprint mold. In the experiment, we 
diluted ZEP 520A with anisole to give a 160nm film by spin-coating at 3000 revolution 
 15 
per min (rpm) on a silicon wafer. The film was baked on a hotplate at 120
o
C for 60min. 
After exposure at 20kev using Raith 
Two 
electron beam lithography system, the resist was 
developed in amyl acetate for 1 min at room temperature followed by rinsing in 2-
popanol. Then the developed pattern was coated with a Cr film, followed by lift off by 
anisole for 40 min and then RIE 1 min. The result after exposure and liftoff is shown in 
Figures 1-10, 1-11, respectively. 
 
 
 
 
 
       Figure 1-10: SEM image of 300nm period hole array exposed in ZEP resist 
 
 
 
 
     Figure 1-11: SEM image of 300nm period pillar array after liftoff and RIE 
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CHAPTER 2: Dry thermal development of negative electron beam 
resists polystyrene (PS). 
2.1 Introduction 
In electron beam lithography, the exposed resist is typically developed using a solvent or 
aqueous developer. Potential issues with liquid developer include resist swelling, pattern 
detachment due to poor adhesion to the substrate, and resist pattern deformation and 
collapse due to capillary force during developer drying. To reduce pattern collapse due to 
capillary force, supercritical drying using CO2 or fluoro-Compounds (e.g. SF6 and  
C2HF5) can be employed. 
35
, 
36
 However, pattern collapse still occurs, presumably due to 
the very high pressure of several MPa during the supercritical drying process. 
37
   Another 
way to minimize pattern collapse is by using sublimation of tert-butyl alcohol, whose 
melting temperature is slightly above room temperature. 
38
 One drawback of sublimation 
drying is that contaminant is left behind on the resist pattern when the solvent is 
vaporized. Therefore, dry development is still very desirable for some processes.  
Auzelyte et al. recently demonstrated thermal development of a calixarene resist at 250-
400oC, and achieved smooth line array patterns with 25 nm half-pitch. 
39
 As a small 
molecular resist, calixarene is a good candidate for thermal development.  Polymer or co- 
polymer resists such as PMMA and ZEP-520A were also studied for dry thermal 
development, although without the pattern clearance that makes subsequently dry etching 
of the thick residual layer necessary. 
40
 Another approach of dry development is laser 
ablation, which was recently demonstrated for calixarene resist. 
41
 This method has made 
use of increased absorption thus ablation to 532 nm laser light when the calixarene resist 
was exposed to electron beam, hence calixarene changed its tone to positive when it was 
developed using laser ablation. One obvious limitation of this dry development approach 
is its extremely low throughput that is determined by the laser spot size (order 1 µm) and 
development time (order 1 sec).  
 
Here it is shown that dry development can be realized using a simple electron beam resist 
polystyrene (PS), which has demonstrated ultra-dense patterning using low molecular 
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weight of 2 kg/mol, or ultra-high sensitivity lithography using high molecular weight of 
900 kg/mol.
34
, 
42
 Another advantage of this simple resist is its low cost, practically 
unlimited shelf life, and high drying etching resistance compared to PMMA. The dry 
development is possible because exposed thus cross-linked PS evaporates due to thermal 
decomposition at a slower rate than unexposed PS; therefore, the resist maintains its 
negative tone like regular solvent development. 
2.2 Experimental Details 
Polystyrene powder with molecular weights of 1.2 kg/mol (broad molecular weight 
distribution) and 2 kg/mol (narrow distribution with polydispersity 1.10) was dissolved in 
chlorobenzene. Here polystyrene with relatively low molecular weight was selected 
because it is more volatile than high molecular weight polystyrene at elevated 
temperatures for thermal development. The film thickness depends on the polystyrene 
concentration in the solvent and spin coating speed, ranging from 30 nm for 1.2 wt/vol% 
to 260 nm for 10 wt/vol concentrations. The film was baked at 60
o
C for roughly half an 
hour on a hotplate. Though typical polymer film can be baked at temperatures much 
higher than its glass transition temperature (e.g. PMMA is usually baked at 180
o
C), the 
thin polystyrene film having low molecular weight was not stable at baking temperatures 
above 80
o
C, and thus we choose this very low baking temperature.   
Electron beam lithography was performed at 20 keV and 5 keV using a LEO 1530 
field emission SEM that is equipped with Nabity nanometer pattern generation system 
(NPGS) and a Raith 150
TWO
 e-beam lithography system. The pattern contains arrays of 
large squares with a side length of 5 µm with exponentially varying doses that were used 
to obtain the contrast curve, and arrays of dense periodic lines that were used to 
determine the achievable resolution. The lines were exposed by single-pass exposure with 
a step size of 12 nm. After the exposure, the samples were developed thermally on a 
hotplate at 200
o
C to 350
o
C for 0.5-5.5 hours. Some samples were first developed using 
regular solvent developers (xylene for 30-72 sec, followed by rinsing with 2-propanol), 
then thermally developed in order to find out the development rate (nm/sec). After 
development, the contrast curves were obtained by AFM measurement, and high 
resolution images of the exposed pattern were acquired using LEO 1530 SEM. 
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2.3 Results and Discussion 
 
The exposed pattern consisting of micro-scale squares appeared at development 
temperatures as low as 200
o
C. However, low temperature development led to poor 
contrast curve, as shown in Figure 2-1(a) for 1.2 kg/mol polystyrene developed at 250
o
C 
for 120 min. It is not possible to derive a meaningful resist contrast from this curve, 
although clearly the contrast is very low. The low contrast is not a result of the resist’s 
broad molecular weight distribution, as it has been shown that the polydispersity (defined 
as Mw/Mn, the ratio of weight averaged molecular weight and number averaged 
molecular weight) had an insignificant effect on polystyrene’s exposure properties.43 The 
resist sensitivity, defined as dose for 50% remaining thickness, was approximately 3000 
µC/cm
2
, which is close to wet solvent development. 
The low contrast makes the resist suitable only for grayscale lithography for which 
low contrast offers a broad process window and high reproducibility.
44
, 
45
 Figure 2-1(b) 
shows the contrast curve for 2 kg/mol polystyrene developed at a high temperature 
of350
o
C for 30 min, which gives a moderately high contrast (defined as =[log 
{D100/D0}]
-1
) of 3.2, but a very low sensitivity (D50, dose for 50% remaining thickness) of 
16 mC/cm
2
. The sensitivity can be greatly increased by using low voltage exposure such 
as 2 keV, because resist sensitivity (dose) is proportional to electron energy according to 
Bethe equation for electron energy loss (Eloss) in the resist: Eloss1/Elog (E) with  
being a constant.
46
 
, 47
 It should be noted that this temperature is close to the polystyrene 
decomposition temperature of approximately 650K (377
o
C), thus some degree of 
degradation is expected during the thermal development. 
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 (a)          (b) 
Figure 2-1: Contrast curves exposed at 20 keV for (a) 1.2 kg/mol polystyrene thermally 
developed at 250
o
C for 120 min; and (b) 2 kg/mol polystyrene developed at 350
o
C for 
30min. 
 
 
To study the high-resolution capability of the thermally developed polystyrene resist, 
dense periodic array of lines were exposed. As shown in Figure 2-2 and expected from 
the resist contrast, reasonably high resolution of 30 nm half-pitch was achieved for 
thermal development at 350
o
C for 30 min. However, the obtained resolution is still much 
lower than polystyrene with the same molecular weight developed using a solvent, which 
has demonstrated 10 nm half-pitch patterning. 
34
 Due to its low sensitivity, the line dose 
to define the arrays was a very high 200 nC/cm, which is roughly 200 times that of 
PMMA at the same exposure voltage of 20 kV. 
It is known that for regular solvent development, the development process proceeds 
from the resist surface towards the bottom, but not at a constant dissolution rate. For 
positive tone resist the kinetic diffusion-driven process predicts a reduced rate dz/dt as z 
increases (here t is the time of dissolution and z is depth reached at time t). 
48
 To 
investigate the thermal development process, the exposed pattern was first developed by 
using a solvent xylene to fully dissolve the unexposed polystyrene and partially dissolve 
the exposed one, thus creating an array of square pattern with different heights. 
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Figure 2-2: Dense periodic line arrays exposed at 20 keV and 96 pA beam current in 2 
kg/mol polystyrene thermally developed at 350
o
C for 30min. (a) 200 nm pitch, 50 nm 
line-dose; (b) 100 nm pitch; and (c) 60 nm pitch. Line dose was 200 nC/cm.  
 
Next, thermal development was used to obtain the vaporization rate. Figure 2-3 shows 
the contrast curves for solvent development, solvent plus thermal development, as well as 
the absolute and relative thickness change (vaporization rate equal to thickness change 
divided by thermal development time). It is interesting to note that there exists a 
maximum thickness change, which corresponds to a large remaining thickness after wet 
development yet only a moderate exposure dose. Therefore, the development process 
cannot be a purely surface process for which monotonically decreasing thickness change 
versus exposure dose is expected since higher dose renders the resist more cross-linked 
thus less volatile. This implies that the less cross-linked molecules are mobile at the high 
development temperature and can move to the surface and vaporize. The decreased 
dissolution rate for thinner resist thickness is also expected for solvent development, but 
due to a different mechanism (kinetic diffusion of the solvent molecules into the resist). 
In addition, the dependence of vaporization rate on remaining thickness for thermal 
development is more pronounced than solvent development. Nonetheless, the relative 
thickness change, defined as the ratio of absolute thickness change and average thickness 
before and after thermal development, decreases monotonically with exposure dose, 
which is expected since higher dose renders the resist less volatile at elevated 
temperature. 
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Figure 2-3: Contrast curves for 1.2kg/mol polystyrene exposed at 5 keV and developed 
first in xylene for 30 sec (diamond), and then thermally at 250
o
C for 4 hours (square). 
The absolute (triangle) and relative (circle) thickness change due to thermal development 
are also shown for doses that led to non-zero remaining thickness after thermal 
development. The relative change is defined as the ratio of absolute thickness change and 
average thickness before and after thermal development.  
 
2.4 Conclusion 
 
     We have demonstrated dry thermal development of negative resist polystyrene. When 
developed on a hotplate at 350
o
C for 30 min, polystyrene showed reasonable high 
contrast and resolution, but very low sensitivity. Resist sensitivity was greatly improved 
at lower development temperatures, though at the cost of reduced contrast. In addition, by 
developing the exposed pattern first using a solvent then thermally, we observed the 
thickness reduction due to thermal development was larger for thicker patterns, implying 
the thermal development process is not just a surface process and the more volatile chains 
below the top surface can diffuse to the surface and get evaporated. However, as 
expected, the relative thickness change decreased monotonically with increased exposure 
dose. 
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CHAPTER 3: Polycarbonate electron beam resist using solvent 
developer 
 
3.1 Introduction 
 
Electron beam lithography (EBL) 
49
, focused ion beam (FIB) lithography 
50
, and 
nanoimprint lithography (NIL) 
51
 are currently the three most widely employed 
nanolithography techniques. Amongst them, EBL is undoubtedly the most popular for 
R&D. Sensitivity and contrast are the two most important resist properties. Higher 
sensitivity is always desirable since it allows fast writing. As for contrast, high contrast is 
usually preferable since it offers high resolution patterning. It has been proven that resists 
having high sensitivity tend to have low contrast, and vice versa. 
52
 For instance, 
regarding resist development temperature (keeping other experimental conditions 
identical), cold development of positive resists such as PMMA and ZEP enhances 
contrast but lowers sensitivity.
52
 Regarding resist molecular weight, higher molecular 
weight (Mw) polystyrene (negative chain cross-linking resist) offers higher sensitivity 
than lower Mw polystyrene, but gives lower contrast and thus lower resolution.
34,
 
42
 Other 
important resist properties include chemical inertness, thermal stability, and dry etch 
resistance. PMMA (the most popular positive resist) is far from ideal in those aspects. 
The arguably second most popular positive resist, ZEP, offers much higher (roughly three 
times) dry etch resistance than PMMA due to the stable phenyl group in its structure. 
Polycarbonate (PC), which is the focus of the current study, offers significantly higher 
chemical and thermal stability than both PMMA and ZEP, and its dry etch resistance (to 
oxygen plasma RIE), though not as high as ZEP resist, is approximately twice that of 
PMMA. 
Owing to its chemical and thermal stability, PC has been widely used for filtration and 
nano-wire or nano-tube synthesis applications with the through-film hole created by the 
ion-track etch process. 
53,
 
54,
 
55,
 
56, 57
 As such, PC is a sort of ion beam resist. Recently it 
has been demonstrated that PC can also be used as an electron beam resist with hot 
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aqueous NaOH as developer and gold film as sub-layer. 
58
 A serious concern is the 
potential attack of the substrate material by hot NaOH solution and the weak adhesion of 
PC to typical substrate materials such as silicon, which lead to film detachment during 
development. It is therefore desirable to replace the hot basic development with room 
temperature solvent development. In this study we show that PC can be developed using 
solvent, but with very low contrast. Thus, PC is a suitable resist for grayscale lithography. 
 
Grayscale lithography is commonly used to generate 3D structures such as 
arbitrarily sloped sidewall, multi-level zone plate/Fresnel lens, and micro-lens with 
hemispherical shape. 
59
, 
60
 The 3D features are achieved in a single resist layer by positive 
or negative tone electron beam resist. While in principle high resolution resist with high 
contrast such as PMMA can be used for grayscale lithography, this is not desirable 
because a slight variation of exposure dose (or development temperature) would result in 
a considerable change in resist height after development, thereby leading to a very narrow 
process window. In contrast, low contrast resist such as polycarbonate developed using a 
solvent offers a broad process window for reproducible results. 
3.2 Experimental 
To dissolve PC, we tested many different solvents including dioxane, 1, 2, 3 - 
trichloropropane, tetrahydrofuran, dichlorobenzene, and cyclopentanone. However, 
unlike PMMA or ZEP resist, most solvents cannot easily dissolve PC to form a 
homogeneous transparent solution. It was found that dissolution could be facilitated by 
using ultrasonic agitation for several hours. Cyclopentanone was identified as the best 
solvent that can dissolve PC pellets (2.5 wt/vol % that gave 95 nm film thickness by spin-
coating at 2000 rpm) in ~10 hours, or in ~4 hours with ultrasonic agitation. For higher 
concentration such as 10 wt/vol % that gave 1200 nm film thickness, ultrasonic agitation 
was essential for the dissolution (not completely dissolving even after more than three 
days without ultrasonic agitation). 
It is natural to first try cyclopentanone as developer. Since cyclopentanone quickly 
dissolves unexposed PC film, it must be diluted with a non-solvent in order to act as a 
reasonably good developer. We diluted cyclopentanone with 2-propanol (IPA) gradually 
until the mixture was found to not attack the unexposed PC film significantly within three 
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minutes of soaking. This is obtained with cyclopentanone : IPA=1:3. Using a similar 
screening procedure, we also studied other solvent developers including xylene, pentyl 
acetate (both are developers for ZEP), methyl isobutyl ketone (MIBK, developer for 
PMMA), and propylene glycol monomethyl ether acetate (PGMEA, developer for SU-8). 
All of those solvent developers, when properly diluted with IPA, can act as developer for 
PC with performance similar to diluted cyclopentanone. 
We dissolved 60 kg/mol (polydispersity unknown) bisphenol A polycarbonate 
(Scientific Polymer Products Inc.) in cyclopentanone. We selected this molecular weight 
mainly due to its availability from the supplier. Unlike negative chain cross-linking resist 
such as polystyrene, for positive chain scission resist it is expected that molecular weight 
would not greatly affect the exposure properties, nor is its distribution (i.e. 
polydispersity).
61,
 
43
 The film was then baked on a hotplate at 140
o
C for 2 min. After 
exposure at 20 keV using Raith 150
TWO
 electron beam lithography system, the resist was 
developed for 0.5 - 1 min at room temperature followed by IPA rinsing and nitrogen 
drying. 
    To attain the contrast curves, the pattern containing 5  5 array of squares each 5 µm  
5 µm was exposed with exponentially increasing doses. The wide range of exposure 
doses enabled detailed study of PC resist's performance. After development, the pattern 
depth was measured using atomic force microscope (AFM) to generate the contrast 
curves. To study PC’s high resolution capability, single-pass lines at various doses were 
also exposed using the same condition and the lines were examined using SEM after 
development.  
3.3 Result and discussion 
 
Figure 3-1 shows the contrast curve of polycarbonate exposed at 20 keV and 
developed using cyclopentanone : IPA = 1:3 for 1 min at room temperature. Figure 1b is 
the contrast curve with dose in log-scale in order to better present the curve for low 
doses. The dose for clearance (D100) is approximately 2000 µC/cm
2
; that for 50% 
remaining thickness (D50) is approximately 180 µC/cm
2
; and D0 is 25 µC/cm
2
. This leads 
to a contrast (defined as γ=[log10(D100/D0)]
-1
) of 0.53, which is a very low value. Thus, 
solvent-developed PC is not suitable for defining high resolution dense pattern. Figure 3-
 25 
1c is the contrast curve with dose in linear scale. It is not possible to derive a meaningful 
contrast as the D0 value would approach 0 µC/cm
2
. Figure 3-1c indicates that the 
remaining resist thickness drops very fast with increasing doses when the dose is low 
(<300 µC/cm
2
), but then the residual layer becomes less easy to dissolve as the dose 
increases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                      
 
Figure 3-1: (a) Chemical structure of bisphenol A polycarbonate; (b) Contrast curve for 
polycarbonate exposed at 20 keV and developed by cyclopentanone : IPA = 1:3 for 1 
min, with the dose in log-scale; and (c) Same as (b) but with dose in linear-scale. 
 
The contrast curves for PC developed using xylene (p-, m-, o- mixed) and pentyl 
acetate are shown in Figure 3-2 and Figure 3-3, respectively. Both solvents were diluted 
with IPA at 1:3 volume ratio. When using xylene as developer, the resist sensitivity 
(D100) and contrast are 2360 µC/cm
2
 and 0.84, respectively; and those for pentyl acetate, 
2800 µC/cm
2
 and 0.91, respectively. The contrast for both solvent developers is higher 
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than cyclopentanone, yet still much lower than typical high resolution resist. We also 
studied other solvent developers diluted with IPA at 1:3 ratio, such as PGMEA 
(developer for SU-8) and MIBK (developer for PMMA), and found that both can act as 
developer for PC with performance similar to the above solvent developers. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-2: Contrast curve for polycarbonate exposed at 20 keV and developed by 
xylene: IPA = 1:3 for 1 min, with dose in log-scale (a) and linear-scale (b). The xylene is 
p-, m-, o- mixed. 
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Figure 3-1: Contrast curve for polycarbonate exposed at 20 keV and developed by pentyl 
acetate : IPA = 1:3 for 0.5 min, with dose in log-scale (a) and linear-scale (b). 
 
Although the low contrast suggests that PC is suitable for grayscale lithography but 
not for defining high resolution dense patterns, PC is able to pattern sparse high 
resolution features. In fact, SU-8, which is also a very low contrast resist, has 
demonstrated high resolution of 24 nm when exposed at 100 keV.
62
 Figure 3-4 shows line 
array pattern with 1000 nm period exposed in PC at 20 keV and developed by diluted 
cyclopentanone, which gives a high resolution of 48 nm. This is possible when the 
pattern is sparse and/or the pattern area is significantly smaller than the range of 
backscattered electrons, such that the proximity effect is unimportant. 
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Figure 3-2: SEM image of line array pattern exposed in PC at 20 keV and developed by 
cyclopentanone (diluted with IPA at 1:3 volume ratio). The line width is close to 50 nm 
and array period is 1000 nm. 
 
3.4 Summary 
 
 In this study, we investigated the possibility of using solvent as developer for 
polycarbonate electron beam resist, which is more desirable than the usual hot aqueous 
solution of NaOH developer. We found that actually many solvents (including 
cyclopentanone, MIBK, xylene, pentyl acetate, and PGMEA), when properly diluted by a 
non-solvent for polycarbonate (here IPA), can be used as developers for polycarbonate. 
All of the solvent developers we tested give a low contrast between 0.5 and 1.0, making 
polycarbonate a suitable resist for grayscale electron beam lithography. Despite its low 
contrast, polycarbonate can also be used for high resolution lithography when the pattern 
is not dense and/or the pattern area is much smaller than the range of backscattered 
electron (thus insignificant proximity effect); and we achieved sub-50 nm line-width 
definition for a line array with 1000 nm periodicity. 
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CHAPTER 4: Metal nanostructure fabrication by electron beam 
lithography and dry liftoff 
 
4.1 Introduction 
 
      Liftoff and direct etch are the two most popular pattern transfer processes. Figure 4.1 
schematically showed the two processes, taking the fabrication of metal nanostructure as 
an example. In the direct etch process, first metal film and electron beam resist are coated 
on the substrate by physical vapor deposition and spin-coating, respectively. Then thin 
resist layer is exposed to electron beam lithography (EBL) and developed, to form the 
desired pattern in the resist layer. Finally the metal is etched by RIE with the resist as 
etching mask, followed by resist removal. In the liftoff process, electron beam resist is 
first coated on the substrate by spin-coating. Next, the resist is exposed to EBL, and 
developed to form the desired pattern in the resist layer. Then metal is coated onto the 
resist pattern by evaporation. Finally the resist is dissolved in a solvent or aqueous 
solution, and as a result, the metal on top of resist is lifted off when the resist underneath 
is dissolved. 
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Figure 4-1: Schematic liftoff and direct etch method for pattern transfer, here transferring 
the polymer resist pattern into metal pattern. 
 
      Compared to direct etch, liftoff is more versatile since it can work for most metals, 
whereas very few metals can be etched by dry etching (e.g. Al, Ti, W, and Cr). However, 
for liftoff, the solvent or aqueous solution that dissolves the resist must not attack the 
substrate materials, which can be a conducting polymer for some applications. As a 
result, solvent-free liftoff or dry liftoff process is desirable. 
4.2 Dry Liftoff  
 
      In dry liftoff, the patterned film coated with the metal is peeled off the substrate, 
rather than dissolved by a solvent. Obviously the adhesion of the resist to the substrate 
should not be too strong, as otherwise the film will be broken during the peel off process. 
Some materials such as polycarbonate have weak adhesion to the silicon substrate, thus it 
can be peeled off easily by using scotch tape. Other materials such as PMMA have strong 
adhesion to silicon wafer, thus the substrate surface must be modified with a surfactant 
which has a low surface energy (e.g. a self-assembled monolayer (SAM) of 
perfluorooctyltrichlorosilane (FOTS)) in order to reduce its surface energy such that the 
PMMA can be peeled off. However, the surface energy cannot be too low, as otherwise 
the resist solution will form droplets on the substrate surface, and thus a uniform resist 
film cannot be coated onto the substrate by spin-coating. In addition to surface energy 
and adhesion, another important factor is the resist cross-sectional profile.  
 
An undercut profile is ideal for liftoff process. As seen in Figure 4.2, with such a 
profile, the metal on top of resist is not connected to the metal on the substrate. 
Otherwise, with a tapered (V-shaped) profile, the metal film on top of resist will be 
connected to the metal on the substrate through the metal coated on the sidewall (now 
that the sidewall is tapered). Therefore, it would be very difficult to obtain a clean lift off 
pattern. 
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                                      (a)                               (b)                                (c) 
 
Figure 4-2: Metal lift-off process
 11
, (a) Ideal resists profile, (b) Deposition of metal, and 
(c) After lift-off 
 
4.3 Dry Liftoff Using Polycarbonate (PC) Resist    
4.3.1 Reason for Using Polycarbonate  
 
      For dry liftoff, it is critical to control the interface energy between the resist film and 
the substrate. Too high interface energy leads to strong adhesion and makes peeling-off 
impossible, whereas too low substrate surface energy makes spin-coating difficult. For 
polycarbonate e-beam resist, 
63
 no substrate treatment is needed since it adheres poorly to 
bare silicon wafer. In fact, we have had difficulty to achieve a strong adhesion needed for 
EBL development using hot NaOH aqueous solution as developer. This fact encouraged 
us to try polycarbonate resist first for dry liftoff. 
4.3.2 Experimental Details 
 
     In the experiment, we dissolved 60 kg/mol bisphenol A polycarbonate in 
cyclopentanone to make a 4 wt/vol% solution that gave a 200 nm uniform film by spin-
coating at 1200 rpm on a silicon wafer. The film was then baked on a hotplate at 120
o
C 
for 5 min. After exposure at 20 keV using Raith 150
TWO
 electron beam lithography 
system, the resist was developed in a 1:3 mixture of cyclopentanone and 2-propanol for 
30 sec at room temperature followed by rinsing using 2-propanol. Finally we coated 10 
nm Cr and peeled off the resist film using a polyimide tape.  
 
Undercut profile 
for liftoff 
 
 32 
4.3.3 Results and Discussion 
 
As seen in Figure 4-3, the process worked but the pattern is not “clean” with very rough 
edges. This is obviously because of the tapered (V-shaped) profile of the polycarbonate 
resist pattern, which is in turn due to the low contrast of polycarbonate resist. During the 
peeling off, the metal film is broken, leading to rough edges. The thickness of the film on 
the sidewall depends on the taper angle  (proportional to cos, equal to 0 when the 
sidewall is vertical), and should be <3 nm. However, the metal film seems to be torn off 
away from this thinner part of the film. 
 
 
 
 Figure 4-3: SEM image of a stack of PC on silicon wafer created by e-beam writing at 20 
keV; using a 1:3 mixture of cyclopentanone and 2-propanol; and after dry lift off process; 
a) Zoom-in scan to show the edge; b) Zoom-in scan of two squares an array, c) Zoom-out 
scan of an array. 
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4.4 Dry Liftoff Using Bi-layer Polycarbonate and PMGI 
4.4.1 Reason for Bi-layer 
 
     PC results in a tapered profile, which leads to difficulty in clean dry liftoff. Due to its 
low contrast, it is difficult to achieve an undercut profile using just single layer of 
polycarbonate (PC) resist. Thus we turned to a bi-layer resist structure in order to achieve 
the undercut profile. PMGI (polymethylglutarimide, SFG 2 S from MicroChem Corp.) is 
a very popular liftoff layer, so it is chosen for our purpose. Initial test showed that, as 
expected, PMGI didn’t detach from the silicon wafer since it adheres strongly to silicon; 
instead PC detached from the PMGI layer. This is acceptable for dry liftoff since the 
metal on top of the resist layer is removed when PC is peeled off. We expected to achieve 
an undercut profile because PMGI is a more sensitive resistant than PC (PMGI is exposed 
during the exposure of PC). We designed the process steps as shown in Figure 4-4. 
 
 
Figure 4-4: Process using PC/PMGI bi-layer resist for dry liftoff 
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a) Substrate coated with a PMGI layer (purple) and a PC 
layer (brown) 
b) Area of PC and PMGI resists exposed to EBL (light 
purple)  
 
c) Resist development, ideally leading to an undercut 
profile since the bottom layer is more sensitive than the 
top one. 
d) Evaporate 10 nm Cr metal. 
 
e) Peel off the top layer PC. 
 f) The remaining PMGI can be etched away if needed, 
leading to complete Cr liftoff without using any liquid 
solution. 
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4.4.2 Experiment Details 
 
In the experiment, the first layer PMGI gave a 60 nm thick uniform film by spin-coating 
at 2000 rpm on a silicon wafer. The film was then baked on a hotplate at 180
o
C for 30 
min. After that, we spun the second layer of PC film with a 4 wt/vol% solution to give a 
200 nm uniform film by spin-coating at 1200 rpm on a silicon wafer. The film was then 
baked on a hotplate at 120
o
C for 5 min. After exposure the development was conducted at 
room temperature for PC resist in a 1:3 mixture of cyclopentanone and 2-propanol for 1 
min, followed by PMGI development in a 1:3 mixture of MIPK:IPA for 3 min. Finally 10 
nm Cr was coated and lifted off using a polyimide tape. 
4.4.3 Results and Discussion 
 
As seen in Figure 4-5, the result after dry liftoff using this bi-layer resist is even worse 
than using single layer PC resist. After some test, we found out that the solvent 
cyclopentanone used for PC coating actually attacks the underneath PMGI film, thus 
there is no clear boundary between the two films as needed for an undercut profile. In 
addition, the developer (diluted cyclopentanone) for PC also develops fast the exposed 
PMGI area. Therefore, this method is proven not feasible for dry lift off process. 
 
 
Figure 4-5: SEM image of 10 nm-thick Cr pattern fabricated by dry liftoff, with poorly 
defined square pattern. 
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4.5 Dry liftoff using PMMA resist 
4.5.1 Reason for Using PMMA 
 
       As mentioned above, polycarbonate is not suitable for high resolution dry liftoff 
since it has low contrast. Therefore we studied PMMA that is the most popular high 
resolution e-beam resist. As PMMA has strong adhesion to silicon substrate, surface 
treatment of the substrate is indispensible.  
4.5.2 Experiment Details 
 
      We first treated the silicon wafer with low surface energy SAM (self-assembled 
monolayer) of perfluorooctyltrichlorosilane (FOTS). We placed the wafer and a drop of 
FOTS inside a box (with no vacuum) and optimized the treatment time (30 min) so that 
the surface energy is suitable for both peeling-off and spin coating of PMMA dissolved in 
a non-polar solvent toluene (996 kg/mol PMMA, 3 wt/vol%, 560 nm-thick film at 
2000rpm, film baked on hotplate at 120 
o
C for 10 min). Here we cannot use the more 
popular solvent for PMMA, notably anisole and chlorobenzene, since they are both polar 
and thus don’t “wet” the silicon substrate coated with the anti-adhesion SAM layer, 
leading to no film formation. Alternatively, for substrates not compatible with such anti-
adhesion treatment, a low surface energy thin fluorocarbon film may be coated using 
CHF3, C4F8, or CF4/H2 plasma. After exposure at 20 keV using Raith
TWO 
electron beam 
lithography system, the resist was developed in IPA: H2O =7:3 for 1 min due to its low 
swelling (the more popular developer, MIBK (methyl isobutyl ketone) : IPA = 1:3 swells 
the PMMA more  than IPA:H2O, thus it may peel off the resist now that its adhesion to 
the silane-treated substrate is low). Next, 10 nm Cr was coated by e-beam evaporation 
followed by dry liftoff using scotch tape to peel off the film (see Figure 4-6).  
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Figure 4-6: Photograph showing the peeling off process of the resist film using scotch 
tape 
 
4.5.3 Results and Discussion 
 
       Figure 4-7 shows Cr patterns fabricated by electron beam lithography and dry liftoff. 
The substrate Si was etched by RIE in order to obtain higher image contrast. Line array 
with 56 nm line-width and large squares with doses increasing exponentially from lower 
left to upper right were obtained. The size increase for the squares exposed at higher 
doses is due to proximity effect. At very high doses, PMMA becomes a negative resist 
and the cross-linked area (the three squares at upper right) was not peeled off. 
 
 
 
 
 
 
 
         
 
 
 
Figure 4-7: SEM images of Cr patterns fabricated by electron beam lithography and dry 
liftoff, (a) Line array with 56 nm line-width; and (b) Large squares having doses 
increasing exponentially from lower left to upper right. 
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4.5.4 Conclusion 
 
Here we explored the potential of using dry liftoff to fabricate metal nanostructures. 
The liftoff is realized by mechanically peeling off the metal-coated resist film, rather than 
dissolving the underlying resist using a solvent as is the case for conventional liftoff 
process. Low resolution dry liftoff was achieved by using polycarbonate resist, whereas 
high resolution down to 50 nm was obtained by using PMMA resist coated on a low 
surface energy substrate. 
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CHAPTER 5: Water soluble and developable electron beam resist PSS 
5.1 Introduction 
     In electron beam lithography, exposed resist is typically developed in solvent such 
as PMMA resist in MIBK:IPA, or base solution such as HSQ resist in aqueous TMAH. 
For spin coating, the resist is usually dissolved in a strong solvent such as anisole. 
However, for some applications, such as nano-patterning on top of a semiconducting 
polymer or a regular polymer substrate like PMMA, solvent or the strong base solution 
may attack the substrate material. Here we showed that, poly (sodium 4-styrenesulfonate) 
(PSS), which is soluble in water due to its ionic nature, can be used as a negative electron 
beam resist developed in water. This is not surprising given that its chemical structure is 
similar to that of polystyrene, which is a popular negative tone electron beam resist. 
65
, 
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It is known that PEDOT: PSS (here PSS is an acid, rather than a salt) is one of the most 
popular conducting polymers used for solar cells as well as organic light-emitting diodes. 
66
 Its electrical properties might be altered favorably by electron beam exposure. 
5.2 EBL of PSS Coated on Bare Silicon Wafer 
 
In the experiment, we dissolved 70 kg/mol PSS (Sigma Aldrich) in DI water to make a 
5 wt/vol% solution that gave a ~60 nm film by spin coating at 2000 rpm. The film was 
then baked on a hotplate at 90
o
C for 5 min to drive off the water. Next, the resist was 
exposed at 20 keV using Raith 150
TWO
 electron beam lithography system. After that, the 
resist was developed in DI water for 10 sec at room temperature, and dried by N2 gun.  
However, we found that most exposed square patterns were peeled off, except those 
few that were exposed with high doses. This may be because of poor adhesion of PSS to 
silicon wafer and the fact that water can penetrate into the PSS film and swell it. 
5.3 EBL of PSS Coated on PMMA/Si 
 
In order to improve the adhesion, we coated PMMA on silicon wafer, onto which PSS 
was spun-coated. In the experiment, we spun coat PMMA at 5000 rpm to get a film of 
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245 nm. The film was baked on hotplate at 120
o
C for 10min, and we dissolved 70 kg/mol 
PSS in DI water to make a 7 wt/vol% solution that gave a ~180 nm film by spin coating 
at 1200 rpm (see Figure 5-1). The film was then baked on a hotplate at 90
o
C for 5 min to 
drive off the water. Afterwards, the resist was exposed at 20 keV using Raith 150
TWO
 
electron beam lithography system. Finally, the resist was developed in DI water for 10 
sec at room temperature, and then rinsed it in IPA that has lower surface energy than 
water thus less peeling off. 
PSS 180 nm 
PMMA 245 nm 
Silicon substrate 
Figure 5-1: PSS on PMMA to solve the adhesion issue of PSS to silicon. 
 
However, we found that the PMMA under-layer was attacked by IPA. This is because, 
even though in normal condition IPA doesn’t attack PMMA, it will do so when PMMA is 
exposed and when there is water. In fact, a mixture of IPA and water at 7:3 ratio is a 
popular developer for PMMA, even though none of the two liquid will develop PMMA 
when used alone. 
 
5.4 EBL of PSS Coated on ARC/Si  
 
 We spun coat PSS to make 180 nm film by spin coating at 1200 rpm on top of 
~100nm ARC (anti-reflection coating, a commercial cross-linked polymer). The film was 
then baked on a hotplate at 90
o
C for 5 min. Afterwards, the resist was exposed at 20 keV 
using Raith 150
TWO
 electron beam lithography system. Finally, the resist was developed 
in DI water for 10 sec at room temperature, rinsed in IPA that has lower surface energy 
than water thus less peeling off, and dried by N2 gun. 
Figure 5-2 shows the contrast curve measured by AFM as well as the AFM images of 
the dose test pattern containing a 5 by 5 array of squares each 5 µm  5 µm. The 
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sensitivity of PSS (defined as D50) is approximately 2809 µC/cm
2
. This is about one order 
lower than that of PMMA, but we expect much higher sensitivity for PSS with higher 
molecular weights such as 1000 kg/mol, if its exposure property is similar to polystyrene 
whose sensitivity (µC/cm
2
) is inversely proportional to its molecular weight (kg/mol). 
The contrast (defined as γ=[log10 (D100/D0)]
-1
) is also a low value of 0.77. Thus PSS is not 
suitable for patterning dense and high-resolution structures. Nonetheless, feature size 
down to 50 nm was achieved for sparse patterns, as shown in Figure 5-3. SEM image 
displays the resolution capability of PSS line arrays with a period of 779 nm and line-
width 50nm.  
Moreover, since sodium PSS contains metal sodium, it is far more resistant to 
plasma etching than PMMA. For instance, its etching rate by oxygen plasma RIE was 
found to be only 1/17 that of PMMA (O2 RIE condition: 20W, 20mTorr, 20sccm etch 
rate PSS 10nm/min, PMMA 174nm/min). For RIE using CF4 gas (20sccm, 20mTorr, 
100W), the etch rate selectivity is PSS:Si:PMMA = 0.73:1:2.54, that is, PSS is 3.5 more 
resistant to CF4 RIE than the  popular electron beam resist PMMA. Even lower etching 
rate is possible if sodium in sodium PSS is replaced with another metal such as nickel. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-2: Contrast curve for sodium PSS exposed at 20keV and developed in DI water 
for 10 sec. The sensitivity (D50) and contrast are derived as 2800 µC/cm2 and 0.8, 
respectively. Also shown are the chemical structure of the resist and AFM image of the 
large (5µm by 5µm) exposed square array used to generate the contrast curve. 
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Figure 5-3: High resolution pattern in sodium PSS by electron beam lithography at 20 
keV. (a, c) Line array with line-width ~50 nm and pitch 400 nm. Narrower lines were 
found collapsed. (b, d) Pillar array with diameter 40 nm or 60 nm and height close to 150 
nm. Again the smaller pillars fell off cue to capillary force during developer drying. (e, f) 
Zoom out view of the line array exposed at different doses. Too low dose resulted in 
narrow lines that fell off; whereas too high dose resulted in merged lines (upper part in 
(e)) due to over-exposure.  
5.5 Conclusion 
 
        To conclude, we proved that poly (sodium 4-styrenesulfonate) (sodium PSS), which 
is soluble in water due to its ionic nature, can be used as a negative electron beam resist 
developed in water. Sodium PSS is not appropriate for patterning dense and high 
resolution structures. Nevertheless, feature size down to 40 nm was achieved for sparse 
patterns. 
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Chapter 6: Fabrication of membrane-supported gold nanostructure for 
x-ray imaging 
6.1 Introduction 
 
       Previously Prof. Gu Xu’s group from McMaster University has demonstrated novel 
x-ray imaging method using the “Borrmann pyramid” formed in dual Bragg diffraction of 
a single crystal, where a small angular change of the incident beam is magnified to span 
the entire pyramid base
67
. In a sense, the single crystal acts like a lens that can magnify 
the object by hundreds to thousands of times depending on the experimental setup. 
Compared to the more popular x-ray imaging method using zone-plate lens (see Figure 
1)
68, this method doesn’t need the nano-fabricated lens (zone plate) that is very 
challenging to fabricate. However, in the work published by Xu’s group, they used very 
large (many micrometers) gold structures as the imaging object to demonstrate the 
capability of x-ray imaging using a single crystal as “lens”. Thus our goal is to fabricate 
nanoscale gold structures supported by a thin membrane (with negligible x-ray 
absorption) as an object in order to examine the high resolution imaging capabilities of 
this method. 
 
       
       
 
 
 
  
 
Figure 6-1: The popular x-ray imaging method using zone-plate lens. 
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     6.2 X-Ray Imaging by Borrmann Pyramid 
 
         Here we briefly introduce the imaging principle. More details can be found in Xu’s 
paper. Following the dynamic theory of x-ray scattering, when a plane wave hits a crystal 
it excites a pair of points on the dispersion surface, each producing a wave field traveling 
inside the crystal, with its energy (Poynting’s vector) flowing in the normal direction to 
that branch of the surface. A divergent beam, which can be treated as a coherent 
superposition of plane waves with a continuous range of wave vectors, excites many 
points on the dispersion surface simultaneously, leading to the phenomenon of the 
Borrmann fan. When more than one set of atomic planes are excited at the same time, 
multiple Bragg diffraction takes place, and the Borrmann pyramid results. As shown in 
Figure 6-2, three triangles can be observed simultaneously on a single frame when two 
sets of atomic planes of a beryllium single crystal are excited. In the vicinity of the Bragg 
diffraction, as an incoming beam changes its incident angle over a very small range that 
covers the curved part of the dispersion surface, corresponding to the Darwin width 
which is typically about 10
−5
 arc, the wave fields inside the crystal will change their 
propagation direction by several tens of degrees (2θ). This leads to a huge angular 
magnification. Thus, without using a zone-plate, x-ray beam manipulation can be 
achieved by Borrmann pyramids, where the wave front from a micrometer pinhole is 
propagated to become a 2+ millimeter triangle, and the size can be larger if a thicker 
crystal is used. 
 
 
 
 
 
 
 
Figure 6-2: Three triangles can be observed simultaneously on a single frame when two 
sets of atomic planes of a beryllium single crystal are excited. 
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6.3 Structure Design and its Fabrication 
 
      The role of the object is to modulate the x-ray beam. Ideally the x-ray can pass with 
100% transmission through the area not covered by Au nanostructure, and get blocked 
with 0% transmission in the area covered by Au nanostructure. A thin membrane made of 
~100 nm-thick silicon nitride has nearly 100% transmission due to the low atomic 
number of Si and N. The absorption of gold by x-ray is shown in Figure 6-3. For x-ray 
wavelength of ~1 Å, its energy is 1.24104 eV, leading to an absorption coefficient of 
~0.3 µm
-1
. That is, for 1 µm thick gold, the transmission would be e
-10.3
=74%, which is 
far from ideal case, but is acceptable.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-3: Linear absorption coefficient of Au. 
 
To fabricate the structure as shown in figure 6-4, there are two major steps: 
fabrication of membrane, and fabrication of gold structure by electron beam lithography 
and gold electroplating (the gold structure is too high for conventional liftoff process). 
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Figure 6-4: The structure to be fabricated consisting of Au nanostructure (periodic array 
with 600 nm pitch) on top of a silicon nitride membrane. 
 
 
6.4 Fabrication of Silicon Nitride Membrane 
6.4.1 Fabrication Principle 
 
KOH etch of silicon is anisotropic. Orientation selective etch of silicon occurs in 
hydroxide solutions partly because of the closer packing of some orientations relative to 
other orientations. For silicon, the density of planes (number of Si atoms per unit area on 
that plane) follow: <111> > <110>, <100>; and as a result, the etching rate R follows: R 
(111) << R (110), R (100). Using hot aqueous KOH as etchant, the etching rate of (111) 
plane is several hundreds time slower than other major crystal planes (notably (100) and 
(110)). The etching is reaction rate limited, thus the etch rate can be controlled by varying 
the temperature of the solution. On the other hand, KOH etching of Si3N4 is 10000 
slower than etching of silicon, thus Si3N4 is an ideal etch mask for this process.  
6.4.2 Fabrication Steps 
 
Figure 6-5 shows the schematic fabrication process with description of each step. 
Usually a photolithography step is employed to pattern the nitride layer on the back side 
of the wafer. To avoid this step that leads to some contamination on the front side of the 
wafer during spin-coating photo-resist on the back side, we designed a metal mask 
(Figure 6-6) that is just put on top of the wafer to etch the pattern into the silicon nitride 
on the back side. 
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Figure 6-5: Silicon nitride membrane fabrication process.  
 
 
 
 
Figure 6-6: Photo of the metal shadow mask. Each repeating cell has a size of 5 mm, and 
the opening is 1.5 mm by 1.5 mm. 
 
6.4.3 Fabrication Results  
 
Figure 6-7 shows the fabricated silicon nitride membrane. Each membrane can be broken 
off the wafer easily using the etched deep trench on the back side. 
 
1) Low stress Si3N4 thin film is grown by 
LPCVD (low pressure chemical vapor 
deposition) on a 4-inch (100) Si wafer.    
2) A metal shadow mask is used to pattern 
Si3N4 membranes by RIE. The etching 
condition is: (power, pressure, gas flow, 
time) 
3) Anisotropic wet etching using KOH to 
remove silicon not protected by Si3N4 till 
the etching reached the front Si3N4 when 
the etching will be stopped. We used 30% 
KOH solution heated up to 80-90
o
C, and 
the etch typically takes 3 hours.  
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Figure 6-7: Si3N4 membrane etched on a (100) silicon wafer using KOH etch. The array 
periodicity is 5 mm. 
 
6.5 Fabrication of Au Nanostructure on Membrane 
6.5.1 Gold Electroplating 
 
     Before going to the details of the fabrication process, I would like to describe gold 
electroplating. 
6.5.1.1 Advantage of Electro-Deposition 
  
The main advantage for electroplating is low cost and high material use. For 
evaporation most gold is coated onto chamber wall, leading to high waste. More 
importantly, electro-deposition is a conformal process, that is, the structure will follow 
the shape of the polymer pattern (see Figure 6-8); for evaporation, and the opening will 
be closed gradually, leading to pyramid shape even if the hole has a cylinder shape.  
6.5.1.2 Electroplating Setup and Experimental Details 
 
The conductive plating base film consists of 10 nm titanium (adhestion layer) /10 
nm platinum (active layer for electroplating) on Si substrate, and the film is cleaned right 
before electroplating by O2 plasma (20W, 20Sccm O2, 50 mtorr, 20Sec). The 
electroplating contains the following steps: 
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1- Heat 100 ml of the gold plating solution to 60 degree 
2- Connect the cathode of the voltage source to the sample using alligator clip 
3- Connect the anode to a 100 ohm resistor (in order to measurement current by 
measuring voltage drop across this resistor, I=V/R) 
4- Connect the other end of the resistor to a piece of stainless steel 
5- Place the sample (cathode) and the piece of stainless steel (counter electrode) 
in the solution 
6- Turn on the voltage source and apply 1.5 V 
7- Use the multimeter to verify that the voltage across the solution is 1.4 V 
8- Plate for 5 minutes  
The I-V curve of the electroplating solution is shown in Figure 6-9. Higher voltage 
leads to higher current and higher plating rate, but more hydrogen generation. To reduce 
hydrogen bubble generation, we reduced the voltage to 1.5V. At this voltage, the current 
density is 0.8 mA/cm
2
. 
 
 
 
 
Figure 6-8 Schematic representation of electroplating process to fill holes in the resist. 
 
 
                                                                                     
Gold plating 
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Figure 6-9: I-V curve of the gold electroplating solution (by Golam Bappi). 
 
We calculated the theoretical plating rate of Au (nm/sec) assuming 5mA/in
2
 current. 
Assume one electron is needed to reduce each Au ion into Au atom, with Au density as 
19.3g/cm
3
, the plating rate is calculated as 50nm/min. If assuming each Au ion needs 3 
electrons to be reduced to form Au atom, the rate would be 1/3, or 16.7nm/min, which is 
close to our experimental result (140nm over 20min). Thought the plating rate is low, we 
can deposit 1000 nm Au within three hours. 
6.5.1.3 Results of Electroplating 
 
     Figure 6-10 shows the photo of silicon wafer pieces with electro-deposited Au to have 
a uniform film obtained by electroplating for 5min.  
 
 
Figure 6-10: Photo of two pieces of wafer with electroplated gold on the Pt conducting 
layer. 
 
 
 
 
6.5.2 Gold Structure Fabrication Steps Using a Single Layer Resist 
 
The fabrication process steps are shown and described in Figure 6-11. 
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Figure 6-11: Fabrication process steps using a single layer resist 
 
6.5.2.1 Results Using a Single Layer Resist 
 
     We dissolved 260Kg/mol high molecular weight of polystyrene in chlorobenzene to 
make a 10 wt/vol % solution that gave a 1.27  m film by spin-coating at 1300 rpm on 
10nm Ti and 10nm Pt layers coated by electron beam evaporator on top of membrane.  
The film was then baked on a hotplate at 150
o
C for 5 min. After exposure at 20 keV 
using Raith 150 
TWO
 electron beam lithography system, the resist was developed in 
xylene for 2 min at room temperature, followed by rinsing the wafer by 2-propanol and 
drying. As seen in Figure 6-12,the pattern collapsed due to capillary force during 
developer drying. 
 
a) Polystyrene (PS) resist spun on Pt/ Ti/Si3N4 
membrane and exposed to EBL. 
    
 
b) Development using xylene at room 
temperature for 1 min.. 
 
 
c) Electro-deposition of gold.  
  
 
d) Dissolve polystyrene, leaving behind gold 
nanostructures on top of the nitride membrane. 
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Figure 6-12: SEM images polystyrene pattern on membrane showing collapsed patterns 
due to capillary force. 
 
 
 
6.5.3 Fabrication Step Using Tri-Layer Stack  
 
To solve the pattern collapse issue we used tri-layer polymer film stack on membrane as 
following:  
• 1- 1  m PMMA 
• 2- 15 nm Al 
• 3- 100 nm polystyrene. 
And the fabrication process is shown in Figure 6-13. Here the top layer polystyrene is 
very thin, thus the low-aspect ratio polystyrene pattern after development is not likely to 
collapse. The high aspect ratio pattern in PMMA is etched by RIE, without any liquid 
involved in the process hence the absence of capillary force,  
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Figure 6-13: Fabrication process using tri- layer stack to create the polymer matrix for 
subsequent gold electroplating. 
 
 
In the experimental 1  m PMMA film was obtained by spin coating at 4000rpm on 
membrane. The film was baked on a hotplate at 120
o
C for 10 min. After that, 15 nm of Al 
was coated by electron beam evaporation, followed by spinning polystyrene of 100 nm 
thickness which was subsequently baked at 90
o
C for 10 min. 
 
As expected, thinner PS layer was found to have no pattern collapse. The exposure 
at 20 keV using Raith 150 
TWO
 electron beam lithography system was conducted, and the 
resist was developed in xylene for 2 min at room temperature followed by rinsing the 
wafer by 2-propanol. Next, a short etching by using O2 plasma was carried out to remove 
any possible residual, and then the pattern was transferred to the underlying Al and 
PMMA layers consecutively using RIE.  
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Figure 6-14: SEM images of the result after pattern transfer into the tri-layer stacks.  
 
 
Figure 6-14 shows the SEM image after pattern transfer into the thick PMMA layer. For 
too low exposure dose (Figure 6-14a lower left), the PS is not fully cross-linked and thus 
the underneath Al is etched away, resulting in shallow or no patterns. Whereas for too 
high doses (Figure 6-14b top), all the PS is cross-lined due to direct or proximity 
exposure, leading to a large thick block of PMMA without any pattern. At present, the 
remaining issue to solve is the rough residual on the bottom and electroplating of gold 
into the pattern.      
6.5.4 Conclusion 
 
We explored the fabrication of gold structure on a thin membrane, which will be 
used as an object for novel x-ray imaging. We developed the fabrication process for 
silicon nitride membrane, electroplating of gold, and pattern transfer after electron beam 
lithography using single layer resist and tri-layer resist stack.  
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